The genetic and molecular mechanisms of the flightless birds without limb modification are rarely reported. To explore the possible reasons for losing flight ability without limb modification, we used the domestic geese as an ideal model to preliminarily study the possible mechanisms for this kind of flightlessness. We compared the sequence variations of the exon 10 of TSHR gene between three domesticated geese populations and two wild ancestor populations. The results showed that domestic geese had higher genetic diversity and more complex population structure than their wild ancestors. We did not detect any population expansion in domestic geese population. However, we detected clear relaxed selection signal and positive selection in domesticated geese groups. Furthermore, special phylogenetic relationship of the exon 10 of TSHR was observed in domesticated geese groups. Combined with its well-established function on metabolic regulation and photoperiod control, we speculate that relaxed selection of TSHR might have effects on flightlessness of domesticated geese.
Introduction
The loss of flight has been considered as a classic case in Darwin's natural selection theory (Darwin and Bynum 2009) . So far, 26 families of birds in 17 different orders were found loss of flight with obvious limb modifications (Roff 1994) . Though Darwin owned loss of flight to the result of selection in favor of larger bodies and relaxed selection with the absence of predators, the underlying genetic and molecular mechanisms remain unclear. Recently, the Kruglyak's research group applied a predictive and comparative genomics approach to study flightless cormorants (Phalacrocorax Harrisi), and they found the combined effect of variants in genes regarding to cilia/Ihh signaling which may be responsible for the reduction in the growth of both keel and wings in P. harrisi that leading to flightlessness (Burga et al. 2017) . Their study provides a new insight into how flightlessness might evolve. However, another important type of flightlessness-loss of flight without limb modification-a new flightlessness model accompanied by human activities has not been wildly noticed yet.
Domestic goose is a distinct example for its disappearance of seasonal migration and flight performance, but without obvious limb modification. Domestic goose breeds were deemed to originate from swan goose (Anser cygnoides)
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353 Page 2 of 7 and greylag landaise goose (Anser anser), as the migrant birds, both of which were famous for excellent ability of long-distance flight (Shi et al. 2006) . Recent archaeological discoveries indicated that geese domestication originated around 1700 BC, which means that domestic geese are less than 4000 years old (Ericson and Tyrberg 2004; Mannermaa 2014) . This gives us an incredible fact that the time of the domestic geese losing flight ability was much shorter than ratites and penguins which became flightless more than 50 million years, and also shorter than the Galapagos cormorant which became flightless about 2 million years ago (Slack et al. 2006; Kennedy et al. 2009; Mitchell et al. 2014) . Interestingly, unlike other flightless birds, domestic geese had no apparent limbs modification which contributed a lot to flightlessness. Obviously, during its domesticated process, the modern goose suffered from strong artificial selection, which imputed have a key role for the flightlessness of domestic geese, for its selection efficiency is more powerful than nature selection. This imply that the flightlessness of domestic geese might be the early status for losing flight of birds-weak flight performance without limb modifications, making domestic geese an ideal model for studying the evolution of loss of flight and artificial selection. Unfortunately, we have limited understanding for the genetic and molecular basis of this process.
A study on chicken found that the thyroid stimulating hormone receptor (TSHR) had suffered from striking selective sweep during chicken domestication (Rubin et al. 2010) . It is well known that the TSHR belongs to the glycoprotein hormone receptor, which has a pivotal role in metabolic regulation and photoperiod control of reproduction in birds and mammals (Hanon et al. 2008; Nakao et al. 2008) . In addition, mutations of TSHR were reported to have important effects in the regulation of aggression in dog and chicken (Carter et al. 2009; De et al. 2013) . Rubin et al. speculated that the selective sweep of TSHR might be general in domestic animals, for its close relationship to the absence of the strict regulation of seasonal reproduction (Rubin et al. 2010) . As important modern fowl, the geese and chicken had been suffered from similar domestication process during the past thousands of years. Thus, the TSHR might also been selected on geese. Combined with its well-established function on metabolic regulation and photoperiod control, we speculated that the possible artificial selection on TSHR might have effect on the loss of flight in domestic geese. Therefore, in this study, our goal was to detect whether artificial selection had effects on TSHR gene during geese domestication to explore possible molecular reason for flightlessness of domestic geese. 
Materials and methods

Sample collection
DNA amplification and sequencing
Genomic DNA was extracted by standard phenol/chloroform methods. The primer of the exon 10 of TSHR (F:5′-ACA TAT CTC AGA CTG AAT TTT ACG C-3′; R:5′-GCT TGG TCT CCT GCT TCC TT-3′) used for amplification and sequencing of the exon 10 of TSHR were designed according to the genome of Peking duck (GenBank accession no. NW_004676600). Primers were synthesized by Shanghai Sangon Company (Shanghai, China). The estimated length of the target fragment was 2.1 kb. PCR was performed in a mixture volume of 50 µL containing 100 ng of DNA, 10 mmol/L of Tris-HCl (pH 8.3), 2.5 mmol/L of MgCl 2 , 50 mmol/L of KCl, 10 mM of each dNTPs, 10 pmol/L of each primer, and 1 unit of Taq polymerase (Takara, Dalian, China). The PCR reaction conditions were as follows: a 7 min preheat at 95 °C, followed by 35 cycles of 40 s at 94 °C, 40 s at 56 °C, and then extension of 72 °C for 5 min. The PCR products were directly sequenced by ABI 3730 sequencer in Shanghai Sangon Company (Shanghai, China).
Data analysis
All target sequences were edited and assembled by BioEdit version 7.1.0 (Hall 1999). Multiple sequence alignment was performed by ClustalX 1.83 (Thompson, Gibson et al. 1997 ) and variable sites for each gene were analyzed by MEGA7.0 (Kumar, Stecher et al. 2016 ). The genetic diversity containing number of haplotypes (H), haplotype diversity (Hd), nucleotide diversity (π), nucleotide substitution rate (θ), the average number of nucleotide differences (K), Tajima's D test, and mismatch distribution were calculated using DnaSP5.10 (Librado and Rozas 2009). The historical demographic dynamics for all populations were inferred from Bayesian skyline analyses implemented in BEAST 1.5.1. In addition, the degree of population differentiation figure was drawn by the STRU CTU RE 2.3 (Pritchard, Stephens et al. 2000) .
We used Pegasus (Deelman et al. 2005) , Plyr (Wickham 2009) , and Reshape (McMurdie and Holmes 2013) packages in R program to construct the haplotype network. Bayesian phylogenetic tree was constructed by MrBayes 3.2.6 (Huelsenbeck and Ronquist 2001) . The ratio of non-synonymous (d N ) and synonymous (d S ) substitutions and standard errors were performed with a bootstrap of 1000 replicates by MEGA7.0 (Kumar et al. 2016) , and using condon-based Z test to do the significance test. The selective pressure detection was computed using the SLAC method in online server (http://www.datam onkey .org/) (Pond and Frost 2005) .
Results
Sequence variation and molecular diversity
The integrated exon 10 of TSHR gene with 1467 bp length was surveyed in this study. Among the five populations, polymorphic sites of B, H, and SC were relatively lower than that of S and Zi populations (Table S2) . Furthermore, the polymorphic sites of SC were slightly lower than that of B population. A large number of mutations were found in Zi population, while no mutation was found in H population. In the 67 domestic geese samples, a total of 146 polymorphic sites were identified. However, only four of them were found in the six wild ancestors. Compared to the domestic geese, the wild ancestors had much fewer polymorphisms. Comprehensively, the domestic geese had higher genetic diversity than the wild ancestors. An insertion Gly-405 and a deletion Asn-406 of exon 10 of TSHR gene were simultaneously found in H, SC, and Zi populations, and an insertion Phe-388 was exclusively found in S and Zi groups (Fig. S1) .
Expansion of the domestic geese population
The mismatch distribution analysis provides a mean of detecting the genetic signal of a historical demographic expansion in a species or population. The results of population (S, SC, Zi, and the combined domestic geese groups) size change were demonstrated in Fig. 1 . The pairwise mismatch distribution curve of the combined domestic geese groups and Zi population displayed a bimodal and multimodal distribution, respectively, which was not consistent with the population expansion model. The S showed that apparent unimodal distribution indicates that the S populations were expanded in the latest historical period.
Bayesian skyline plots (BSP) revealed a relatively explicit demographic history for the same derived four populations. The combined domestic geese groups showed slight trend of increasing population size after remaining a stable period of time, SC group was nearly at a stable population size. Zi group presented a trend from rise to smooth change after a long period of stability. It was noteworthy that S group underwent a distinct population expansion (Fig. 2 ).
Population and haplotype structure
Bayesian clustering implemented in STRU CTU RE revealed the degree of population differentiation. In our study, the optimal clustering solution was obtained at K = 3 (Fig. 3) . The B, H, and SC populations almost shared the same cluster, which showed high membership proportions to the cluster, and could be clearly distinguished. While the S and Zi populations comprised by three clusters showed mixed distribution.
A total of 28 haplotypes were detected in exon 10 of TSHR gene. The distribution of haplotypes was similar with bayesian clustering results (Fig. 4) . Though the starlike topologies of haplotypes, the B, H, and SC populations were relatively concentrated in haplotype І, III, and XVIII, Fig. 5 Phylogenetic tree of 73 goose and other aves is built by Bayesian method based on the exon 10 of TSHR gene. The Eptesicus fuscus is regarded as the outgroup. These samples in this study were marked with a background color while the S and Zi populations showed a complex distribution which was consistent with their structure plot.
Phylogenetic relationships of geese
We investigated the phylogenetic relationship of 73 goose samples based on Bayesian inference (BI) method using Eptesicus fuscus as the outgroup (Fig. 5) . To get a comprehensive understanding of the phylogenetic relationship of geese in birds, other aves were employed to build the phylogenetic tree, and the reference sequences were shown in Supplementary Table S3 . Consequently, four clades were obviously observed in our phylogenetic tree. It was interesting that the domestic geese were all in Clade І and clustered closely with Peking duck, Coturnix japonica, and chicken. In addition, birds that belong to Passeriformes were clustered eminently into Clade II. However, Clade III was a complex cluster, containing the birds of trogoniformes, sphenisciformes, falconiformes, gruiformes, charadriiformes, apodiformes, caprimulgiformes, coliiformes, pelecaniformes, procellariiformes, gaviiformes, strigiformes, pterocliformes, and piciformes. In Clade III, there was no apparent clustering for each order. However, orders of wader and scansores had a fuzzy trend for clustering. For instance, orders of gruiformes, gaviiformes, sphenisciformes, and charadriiformes were clustered closely in Clade III, and orders of psittaciformes, coraciiformes, and piciformes were clustered closely. Interestingly, all birds in Clade IV were flightless, and the relationship of Clade IV was relative distant than the rest clades.
Test for selection
We first performed neutral test for each individual population and two combined groups, wild ancestor (B and H) and domestic geese (S, SC, and Zi) (Table S4 ). In our results, neutral test for all three domestic geese populations was negative, but not statistically significant. While, when combined S, SC, and Zi together as the domestic geese group, the neutral test was significantly negative. Those results reminded us that population expansion or directional selection might be happened recently. We can exclude population expansion based on our previous analysis. Thus, we next carried out a synonymous (d S ) and non-synonymous (d N ) substitution analysis to detect the possible selection pressure (Table S5) . Among the three domestic geese populations, d N /d S >1 were both found in S and Zi population without statistically significant. To further study the selection pressure, an SLAC method was also employed to detect selection pressure for each codon (Table 1) . Finally, we detected a significant positive selection on codon 227 and 305, and a significant negative selection on codon 405.
Discussion
Flightless birds had a general feature of changing size and proportion of limbs, which played an outstanding role in favor of Darwin's theory of natural selection. Heterochrony, the relative change in the rate or timing of developmental events among species, has been thought as the major reason of limb modifications that leading the flightlessness of birds (Roff 1994) . A recent study on Galapagos cormorant proposed a genetic and molecular model to explain the underlying mechanisms of flightlessness (Burga et al. 2017 ). This study found that the perturbations of cilia/Ihh signaling might be responsible for the reduction in growth of both keel and wings that leading to the flightlessness of Galapagos cormorant. However, this explanation was not suitable for flightless birds without apparent limbs change. Virtually, nothing is known about the underlying genetic and molecular mechanisms of this kind of flightlessness. Thus, we chose the typical representative animal, domestic geese, as our research target to preliminarily study the underlying mechanisms. In our result, higher level of genetic diversity was found in exon 10 of TSHR gene in domestic geese populations. Besides, compared to wild ancestors, domestic geese had more haplotypes and more complex population structure, indicating a higher genetic diversity. The neutral test of domestic geese group was all significantly negative, which reminded us population expansion or directional selection of exon 10 of TSHR which might happen recently. However, the mismatch distribution and BSP results found no apparent population expansion in the domestic geese populations, which showing a clear evidence of directional selection. The further analysis of d N /d S revealed a result of non-significant positive selection, but two significant positive selection sites were still detected. Consequently, our results revealed a clear evidence of relaxed selection of exon 10 of TSHR gene, which indicating that relaxation of selective constraints played a key role in the evolution of flightlessness of domestic geese. Interestingly, our results were similar with Shen's research, who studied on rapidly flying birds, weakly flying, and flightless birds, and highlighted that birds with degraded flight ability would like to accumulate more non-synonymous nucleotide substitutions relative to synonymous substitutions on mtDNA (Shen et al. 2009 ). The authors also raised that functional constraints on locomotion played an important role in keeping flight. In our study, the relaxed selection signal in the exon 10 of TSHR was detected in flightless-domestic geese. As we know, TSHR has an important impact in metabolic and photoperiod control of seasonal reproduction in domestic chicken. Thus, we speculate that relaxed selection of TSHR gene might have effects on the flightlessness of domestic geese. In addition, the TSHR occurred glycineto-arginine substitution during the evolution of domestic chicken, which may be related to the absence of the strict regulation of seasonal reproduction that is the classical feature of domestic chicken (Rubin et al. 2010) . Similarly, in our study, insertion and deletion of amino acid in exon 10 of TSHR were found in different geese populations. In addition, these frameshift variants are not reported in other species. We speculated that these frameshift variants in exon 10 of TSHR may affect the function of TSHR and be relative to the change of behaviour.
To get a comprehensive understanding of phylogenetic relationship of TSHR gene, we constructed a Bayesian inference tree containing most orders of birds. In our results, all domestic geese were clustered into Clade І. Interestingly, this clade was totally composed by birds that had suffered from artificial selection. Theoretically, domestic geese should be clustered into Clade III, and clustered together with other waterfowl, or clustered together with in Clade IV with flightless birds. The unexpected cluster pattern suggested us that flightlessness resulted by domestication had stronger effect than that of nature selection. Due to the limitation of sample size and studied gene, we cannot get a more precise and comprehensive understanding about the mechanisms of flightlessness of domestic geese. In addition, it is hard for us to clarify whether those frameshift mutations affected the function of TSHR; this is another limitation in this study. However, our studies remind us that studying the flightlessness of domesticated birds without limb modification might be helpful to reveal the evolutionary mechanisms of flightlessness of birds.
